In an urban environment where gamma-ray background counts vary rapidly, it is important to determine the angle (with respect to the detector system) of a discrete gamma-ray-emitting source for localization purposes. We have recently developed a handheld gamma-ray detection system that provides gamma-ray energy spectral data and angular position of the target source. Careful placement and orientation of individual detectors with reference to other detectors in an array can provide improved angular resolution for determining the source position by occlusion mechanism. The objectives of this project were to design and build a prototype, light-weight, hand-held, gamma-ray spectrometer with directional sensitivity. It is important for first responders in a radiological emergency to have an easy-to-use gamma spectrometric detection system that determines the incident gamma-ray energy along with the relative angular position of a point-like radioactive source in a near-field measurement (≤3 meters from the source). The technical challenge of this project, driven by search scenarios for monitoring crowds in a national special security events was to determine the relative angle of a gamma-ray-emitting source (50 μCi strong) at a distance of 3 meters from the detector in 3 minutes. We designed and built small, portable, light-weight directional gamma energy spectrometers using a position-sensitive multi-anode photomultiplier. All of three spectrometers showed remarkable (∆Θ = ± 2°) sensitivity to relative angular position of the source in near-field laboratory measurements.
BACKGROUND
The prototype device is designed for the first responders-it is ruggedized, fast and responsive-with quasi realtime data output in a visual mode, hand-held, easy to use, light-weight, low-power, easy to replace, and will provide spectroscopic information and angular information of the target gamma-ray-emitting source with reference to the detector. The form factor conforms to the size and shape of an identiFINDER, commercially available from FLIR Corporation. 1 . The identiFINDER is the industry standard for hand-held spectrometers. The proposed detector far exceeds the capability of an identiFINDER by providing larger opening angle and angular position information.
Currently available NA-42 backpacks do not provide adequate angular position information of the target radiation source also they do not provide gamma energy spectral information. Currently available imaging systems like DNDO's Stand-Off Radiation Detection Systems, 2 Gamma Tracker from the Pacific Northwest National Laboratory (PNNL) 3 or RadCamTM from Radiation Monitoring Devices, Inc. are bulky, slow and cannot provide search and angular position information at the same time.
In a render safe scenario, high-sensitivity spectrometers are deployed, but no information can be had about existence of multiple point-like gamma emitters. Having this information or knowing that the gamma source may be distributed may reveal a great deal about the target. The proposed hand-held spectrometer can also help accident response groups in localization and identification of radioactive components of a device in an accident scenario. For second line of defense application a quick systematic scan of a container will easily reveal the existence of discrete point-like or distributed sources.
Careful placement and orientation of individual detectors with reference to other detectors in an array can provide improved angular resolution for determining the source position by occlusion mechanism. By evaluating the values of, and the uncertainties in, the photo peak areas, efficiencies, branching ratio, peak area correction factors, and the correlations between these quantities, one can determine the precise activity of a particular radioisotope from a mixture of radioisotopes that have overlapping photo peaks that are ordinarily hard to deconvolve. The spectral coincidence technique, often known as covariance spectroscopy, examines the correlations and fluctuations in data that contain valuable information about radiation sources, transport media, and detection systems. Covariance spectroscopy enhances radionuclide identification techniques, provides directional information, and makes weaker gamma-ray emission-normally undetectable by common spectroscopic analysis-detectable.
PROJECT DESCRIPTION
The handheld detection system uses a sodium-doped cesium iodide (CsI:Na) segmented scintillator assembly consisting of four 1″ × 1″ × 1.5″ thick CsI: Na crystals arranged in a 2 × 2 array. Crystals are packaged in a thinwalled aluminum container with a flange for a hermetically sealed optical/mechanical connection to an H8500 photomultiplier tube (PMT) assembly. The emission maximum of CsI: Na peaks at 420 nm and is well matched to the photocathode sensitivity of a bialkali PMT. The photoelectron yield for gamma rays amounts to 85% of that of an equivalent sodium iodide crystal. The decay time of CsI:Na at 630 ns is less than that of CsI:Tl. The Hamamatsu H8500 flat-panel PMT has features particularly suited for this work: it is position-sensitive, extremely compact (12 mm high), and has a 49 × 49 mm effective area and a minimal peripheral dead zone (mm). The H8500 PMT's metal channel dynode is used for charge multiplication in an 8 × 8 anode array used for charge collection and position calculation. MCPNX simulation of the sensor performance and measured angular resolution data from small gamma-ray sources are presented for near-field measurements (~ 1 meter from the source).
EQUIPMENT DESCRIPTION
The project used the PhotoniQ Model IQSP582 data acquisition system manufactured by Vertilon Corporation. The IQSP582 is designed to offer scientists, engineers, and developers an off-the-shelf solution for their multichannel electro-optic sensor data processing. Implemented as a stand-alone laboratory instrument with a PC interface, the PhotoniQ is used for charge integration and data acquisition from PMTs, avalanche photodiodes, silicon photomultipliers (SPMs), and other multi-element charge-based sensors. It is a precision, high-speed, 64-channel parallel system capable of providing real-time DSP-based signal processing on input events. Flexible, intelligent triggering and acquisition modes allow the unit to reliably capture event or image data using sophisticated data acquisition techniques. Through the PC, the PhotoniQ is fully configurable via its USB 2.0 port using an included graphical user interface. Continuous high-speed data transfers to the PC are handled through this interface, or for custom applications through the provided Windows DLL set. Figure 1 shows the external picture of PhotoniQ Model IQSP582. • 64 gated integrator/data acquisition channels • 84 dB dynamic range (14-bit resolution)
• Particle analysis with 3.2 µsec event pair resolution, image acquisition at rates up to 250,000 pixels/sec • 35,000 events per second sustained average event rate (SAER) • Single photon sensitivity when used with typical multi-anode PMTs and SPMs • Intelligent triggering supports edge, internal, level, and boxcar modes • Advanced triggering capability supports pretriggering, event-based, and cross-bank • Flexible control of integration parameters such as delay, period, or external boxcar • Two data acquisition modes optimized for particle analysis and scanned imaging applications
• Optional 250,000 or 500,000 pixel image buffer available for high-speed imaging applications • Real-time data discrimination, channel gain normalization, and background subtraction • Programmable filtering for real-time detection of predefined energy levels or spectrums • General purpose output linked to filter function • Compatible with commonly available multianode PMTs, silicon photomultipliers, and avalanche photodiode (APD) arrays • Available with optional dual negative 1000 or 1500 V high-voltage bias supplies for PMTs, or negative 100 V bias supplies for SPMs or APDs
The SIB064A, a 64-channel multi-anode PMT interface board provides the mechanical and electrical connectivity between the Hamamatsu H8500D 64-anode PMT and external signal processing electronics such as those used (Vertilon's PhotoniQ multichannel data acquisition system). The PMT is mounted to the bottom side of the SIB064A through 148 socket pins that connect the device's 64 anode signals, high-voltage input, and the last dynode output to the board. The anode signals are routed to two connectors located on the top of the board that each connect to a specialized high density coaxial cable assembly. This assembly allows the SIB064A to be conveniently mounted directly into user's optical setup with the PMT facing outward from the bottom of the board and the sensor interface board (SIB) cables exiting from the top. The SIB cables carry 64 anodes from the PMT to the PhotoniQ where the charge from each is separately integrated, digitized, and sent to a PC for display or further signal processing. The negative high-voltage bias to the PMT's cathode is supplied directly from the PhotoniQ on a high-voltage cable to a dedicated connector on the SIB064A. For applications using the last dynode output of the H8500D, the SIB064A includes a two-stage, high-speed preamplifier whose output is available on an SMB connector. When specialized timing and triggering are required, this output can be connected to a separate external discriminator and triggering electronics. Alternatively, for more general purpose when the trigger requirements are not that stringent, one of the three on-board discriminators can be used. A leading edge, constant fraction, and zero slope discriminator-which respectively generate trigger signals based on a threshold, percentage of pulse height, and pulse peak-are available to the user. Several adjustments are provided for optimizing preamp gain, discriminator gain, and discriminator energy threshold. The full functionality and operation of the SIB064A is conveniently controlled through the PhotoniQ's graphical user interface. Fig. 2 . The 4-element CsI:Na spectrometer system with the SIB064A multi-anode PMT interface board mounted on top.
MCNPX AND GADRAS SIMULATIONS
The MCNPX code was used to obtain gamma energy spectral and gross gamma-ray count rates from detectors under different geometric settings using nominal check sources ( 137 Cs, 60 Co, 241 Am) of 100 µCi strength at a distance of 1 meter from the detector array center. The isotope mix was chosen to cover a large dynamic range of gamma energies (59 to 1332 keV).
To simulate 241 Am, 137 Cs, and 60 Co sources of 100 µCi, the following prescription was used:
1. Obtain basic x-ray and gamma-ray (daughters, alpha emissions, etc.) photon per yield and energy line data for each isotope from the Lawrence Berkeley Laboratory website. 5 This information was also conveniently formatted and saved in simple comma-separated-value formatted files from PeakEasy software maintained by Los Alamos and Sandia National Laboratories.
2. Divide the energies into 1000 bins, combine contributions from all isotopes, and sort from smallest to largest energies to represent the MCNPX source information card.
3. Combine the photon yields and associate them with each incident gamma-ray energy to represent the MCNPX source probability card. This information and the source information card definitions represent the energy distribution. 
Tallies
F8 or pulse height energy information from the detectors was used to tally and estimate observed detectable counts in each crystal detector. There are 3.7 × 10 4 disintegrations per second from 1 µCi of a gamma-emitting source; therefore, for 100 µCi source activity, the tally for each crystal is multiplied by 3.7 × 10 6 to estimate each detector count per second. Also, to simulate the CsI:Na energy resolution response of approximately 7% (e.g., 0.07 ∆E at FWHM at the 137 Cs 0.662 MeV energy line), the MCNPX Gaussian energy broadening (GEB) modifying card was used in conjunction with each F8 pulse height detector as
FT8 GEB -0.00789 0.07 0.21159.
A 4-element CsI: Na crystal configuration (38.1 × 25.4 × 25.4 mm) and calculated asymmetry function are shown in Figure 3 . Equation 3 describes the formula used to calculate the asymmetry function as a function of individual count rates from the detector elements. Fig. 3 . The calculated asymmetry (using the individual simulated count rates as shown in Equation 3 is linear with the incident gamma-ray angle for a 4-element array.
The asymmetry A y (Θ) is defined by
Where N i is the count rate from individual detector i. Co [1173 and 1332 keV]) was simulated by GADRAS and the result is shown in Figure 4 . Figure 4 . Gamma-ray pulse height spectrum from an equivalent CsI:Na scintillator (50.8 × 50.8 × 38.1 mm) as used in the setup (dimensionally equivalent to the 4 parts) obtained from GADRAS simulation using 241 Am, 137 Cs and 60 Co sources (100 µCi each) at a distance of 1 meter from the detector surface and 50 cm above ground for a time period of 1000 seconds (real time).
RESULTS
The 4-element spectrometer was used to measure the angular position of single point-like gamma-emitting source. A combination of gamma radiation sources of 241 Am, 137 Cs and 60 Co were placed at a distance of 25 cm from the center of the detector and gamma energy spectrum were collected from each of the four crystals independently for a period of 300 seconds. The measured spectrum for source angular position at 30° is shown in Figure 5 . Gamma count-rates per second were calculated from the spectral data in two different ways: (1) gross count rate measurement and (2) full photo peak (at 137 Cs peak of gamma energy value 661.6 keV) count rate measurement. The asymmetry parameter A y (Θ) as defined in Equation 3 was plotted as a function of the source angle Θ subtended at the center of the detector. A linear relationship exists between these two quantities, viz., Θ and A y (Θ) . The resultant plots are shown in Figure 6 .
105.
102. 
CONCLUSION
We have designed and constructed a working directional, man-portable gamma detector. This detector is not sensitive to variations in source distance, background count rates, polar angle, or photon energy. Summed, the detector elements function as a sensitive, azimuthally symmetric gross count detector. This technique will generally apply to a wide range of detector geometries and types of radiation detections, including neutron detection. Through simulations and experimental measurements we encompassed a large parameter space (size, geometry, scintillator materials, light collecting media, relative orientation between detection elements in an array) of gamma ray detectors. We can generally conclude that it is better to have built-in geometric symmetry in the array configuration and that usually, everything being equal, the more the number of elements the better. The SSPM system performed really well, but obtaining gamma energy directly from this array may not be practical-it would at least need elaborate calibration; ideally the number of pixels fired is proportional to the incident gamma energy, but although that is true for glancing incidence, it would have to be proven true for normal incidence. Finally, in order to achieve manageable size, weight, form factor and sophistication of light handling, position sensitivity and spectral data capability the 4-element system with position sensitive multi-anode photomultiplier is better.
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